the MCC. Based on the MMOP, the Advanced Technology Laboratories/Philips HDI-5000 was custom built for the Health Research Facility (HRF) on the International Space Station (ISS) and was installed in June 2001 (see Figure 1 ). 1 Training the astronauts was the next task. The MMOP was aware of the skill and practice that sonographers possess to create diagnostic images. With this in mind, it formed a training program for the astronauts before they launched into space. The training program consisted of a two-to three-hour course in sonography basics, familiarization with the equipment, and specific instructions on manipulating the transducers and body positioning. 1 After the two-to three-hour classroom training session, the astronauts had a 30-minute hands-on training session. Each training session may occur up to four months before the crew even launches into space.
For this reason, the shuttle was equipped with a training refresher video, On-Orbit Proficiency Enhance. 1 Because the astronauts receive only a quick course in sonography, a space-to-ground communication system was set up so radiologists who are trained in sonography could instruct the astronauts on their imaging, transducer placement, equipment controls, and body positioning. The communication system is a two-way system, and the astronaut's real-time images are sent to the MCC to be evaluated while the examination is in progress; the radiologist can then instruct the operating astronaut on scanning techniques and transducer placement (see Figure 2 ). 1 To aid in the radiologist's and operating astronaut's verbal communication, a small "cue card" was introduced as a reference. This cue card was created to illustrate proper transducer placement for particular examinations and to help map out the sonography machine through color coding (see Figure 3 ). Because it is attached to the sonography machine and is readily at the MCC, the cue card provides quick reference for both the operating astronaut and the radiologist. 1 Combining the training session and the two-way communication system, sonography in space has become a possibility.
Literature Review

OCULAR IMAGING IN SPACE VERSUS ON EARTH
Ocular examinations have proven important within both the space environment and the emergency department. Being at an increased risk for facial and ocular trauma, astronauts need appropriate technology to assess related ocular pathology. Sonography has proven to be useful. In 2005, astronauts strapped themselves down in the HRF and powered up the sonography machine to perform the first ocular examination in space. As instructed by the radiologist at ground control, the scanning astronaut used a 5-to 12-MHz linear transducer for a closed-eye method while sagittal, transverse, and coronal images were obtained. Using the live feed, the radiologist instructed on appropriate time gain compensation (TGC) and power settings. With B-mode and M-mode, the iris, pupil, and cornea were interrogated. Pupillary reaction time was also evaluated because it is thought to be useful when assessing nervous system injuries or alterations of the autonomic nervous system. To measure pupillary reaction, the subject periodically covered one eye while the operating astronaut used B-mode and M-mode to measure the pupil's change in diameter in the uncovered eye. In the future, ocular sonograms in space will be used to rule out lens dislocation, presence of foreign body, retinal detachment, occlusion or thrombosis of retinal artery/vein, and globe disruption. 2 Currently, ocular complaints and injuries are presented to the emergency department quite often. One study evaluated the use of sonography in ocular emergencies. Sixty-one patients participated, and each had a sonogram performed, a confirmatory test, a magnetic resonance angiogram (MRA) or computed tomography (CT), and/or an evaluation by an ophthalmologist. Of the 61 patients, 26 were found to have an ocular pathology found by sonographic evaluation. Some of the ocular pathologies identified were acute glaucoma, retrobulbar hematoma, lens dislocation, central retinal vein and artery occlusion, retinal detachment, vitreous hemorrhage, and foreign body and globe penetration. Each pathology or injury found on the sonograms was confirmed by secondary testing. The results yielded an ocular sonographic sensitivity of 100% and a specificity of 97.2%. Proving to be a better modality for ocular emergency as compared with CT, magnetic resonance imaging (MRI), or angiography, sonography may be the best diagnostic tool because of its immediate results and minimal bioeffects. To minimize mechanical energy transmitted into tissue and limit possible biological effects, the researchers suggest scanning effectively and efficiently by using only spectral and color Doppler when necessary to help minimize mechanical energies. 3 Between the two settings, there were many similarities and differences. Both settings proved successful at demonstrating ocular anatomy. Ocular examinations in the emergency room identified a variety of pathologies. Although the astronauts and radiologists involved with the scans on the ISS did not identify any pathology, they were confident they could do so when medically necessary. 2 Both studies found that a large quantity of aqueous gel aided in creating a standoff pad effect while making scanning easier. In space, the study's protocol was to measure the pupillary reaction time to help assess for brain and nervous system injuries, but in the emergency department, this examination was not even considered. Spectral and color Doppler were not used in space but proved very useful in the emergency department when diagnosing central retinal artery and vein occlusion. The two studies differed drastically in the average scanning time. In the emergency department, scanning time ranged from 60 to 90 seconds, yet in space, the average time was up to 10 minutes. 2, 3 This may need to be evaluated further to ensure that excess mechanical energy is not being transmitted into the associated tissue.
FAST SCANNING IN SPACE VERSUS ON EARTH
The Focused Assessment with Sonography for Trauma (FAST) examination, which is usually performed in the emergency department, is a quick assessment of several locations on the body for fluid accumulation. In the emergency department, the protocol for the FAST scan begins at the pericardial sac and then moves to the perihepatic area, perisplenic area, paracolic gutters, and posterior cul-de-sac while assessing each area's fluid accumulation and organ texture. The protocol specifies that the maximum length of the examination should be five minutes or less. 4 The patient may need a full bladder so that the right and left lower quadrants can be better visualized. Depending on the age of the hemorrhage and the type of fluid, the fluid accumulation may present as hyperechoic to anechoic with internal echoes. 4 The radiologists at NASA felt that the astronauts should have experience with the FAST scan in case of blunt trauma or injury, which poses a greater risk of significant injury within a microgravity environment. The first study was conducted on a NASA flight that simulated zero gravity by flying a specially built aircraft in a series of parabolic flight profiles. Pigs were used as study subjects that were injected with fluid prior to imaging. The purpose of the study was to prove that fluid accumulation could be identified and evaluated by sonography within a microgravity environment. All study participants were strapped down in flight, and the pigs were intubated and anesthetized. Fluid was injected into the pigs' peritoneal spaces for sonographic evaluation. The sonographer found it to be no more challenging to scan a pig than a human, even though the pigs' anatomy differed some from humans. For instance, the porcine liver takes up both the right and left upper quadrants. Of the recorded sonograms, 80% were diagnostic. Having the best sonographic sensitivity, the subhepatic space was successfully evaluated by sonography, with a wide range of fluid accumulation detected, from no fluid to 500 mL. 5 A follow-up study of the FAST examination was conducted in space on the ISS to evaluate the operating astronaut's sonographic skill. With the growing potential for injury or trauma in space, the astronauts need to be comfortable with the FAST scan and its time constraints. This study proved to be successful; however, the scan took five minutes and 35 seconds. At the conclusion of the study, it was determined that the sensitivity and specificity remained the same within space as compared with the previous feasibility study. 6 Both studies were successful and were conducted by NASA under stringent protocols. The feasibility study ensured that fluid within the peritoneum could be identified in microgravity situations. Scanning the anatomy and finding the potential spaces within the abdomen while being remotely guided was a successful task completed by the operating astronaut and the ground control radiologist. One limitation was noted aboard the ISS. The operating astronaut was not able to meet the five-minute time limit incorporated into the protocol; however, when considering the delay in space-to-ground communication, the time it took the astronaut to complete the examination could be acceptable. 5 Also, the operating astronaut performed a self FAST examination, which is not probable and could account for the failed time limit. The most notable difference between the two studies was the chosen scanner; the feasibilty study used the help of a registered sonographer, whereas the ISS study used an astronaut. 5, 6 
MUSCULOSKELETAL SCANNING IN SPACE VERSUS ON EARTH
Sonography has the ability to evaluate muscles, bones, and ligaments, but it is not used very often within the hospital or clinic setting. Astronauts' extravehicular activities create an increased risk for musculoskeletal injuries, thus creating a need for sonographic evaluation of the musculoskeletal system. A mock sonographic trial was launched on the ISS in 2005 to ensure diagnostic images could be obtained by an astronaut. 7 The protocol was to evaluate the rotator cuff, bicep muscles, supraspinatous tendons, and articular cartilage in both transverse and longitudinal planes. After receiving and reading the images, the ground control radiologists declared the images to be of excellent quality, which allowed for extra interpretation of subtle changes within the anatomy. 7 After successfully using remote sonographic evaluation of the musculoskeletal system, NASA researchers expanded the idea of remote sonographic evaluation to sports medicine. NASA researchers, in conjunction with the National Hockey League and Olympic trainers, conducted a remote sonographic study of musculoskeletal injuries in hockey players, which was transmitted to radiologists via the Internet. This research was felt to be important because of the lack of radiographic technology in the locker room and the lack of onsite medical expertise. Several musculoskeletal scans were performed by the trainers, for instance, groin sonograms to rule out hernia. In addition, knee, shoulder, ankle, and Achilles tendon sonograms were completed. As the radiologists interpreted the studies, they found the images to be diagnostic, and they were able to rule out subtle injuries. 8 The two studies were not only successful but went beyond the predicted outcome. Both studies provided radiologists with excellent-quality images, which were able to be used to exclude small injuries. Both of the scanners were guided by radiologists who were at distant locations; the average time for the examinations was 15 minutes. 7, 8 One very important similarity was the training the athletic trainers received. Modeling the athletic trainers' education after the astronauts' sonographic training, the trainers were given cue cards and received a short course on musculoskeletal sonograms.
Discussion
The use of sonography has expanded tremendously over the past decade. The advancing technology has allowed the profession to develop into a respected imaging modality, both within the hospital setting and outside of it. NASA's need to have in-flight astronauts quickly assessed and diagnosed has been fulfilled with sonography's advancing technologies. Sonographic imaging systems are becoming more user-friendly; however, a common misconception is that any untrained person can effectively manipulate the machine to create diagnostic images. This simply is not true, and NASA's reliance on minimally trained astronauts should be commended. NASA's studies are relevant to the astronauts' situation; however, there are few other situations in which a minimally trained person could manipulate a sonography machine and produce diagnostic images. Even under the astronauts' unique situation, radiologists carry most of the responsibility for acquiring diagnostic images. The idea of remotely guiding sports trainers who are not equipped with radiographic equipment within the locker room is another unique situation. In one aspect, trainers who are scanning injured players with remote guidance is a probable scenario only when scanning to exclude dislocations. Other than scanning for dislocations, trainers have no justification for being remotely guided because any other injury would require the player to be further evaluated at a medical facility. With such limited use of remotely guided sonography, sports trainers should not be involved in this type of imaging.
NASA's studies have also provided new information on the medical uses of sonography. One such use is the evaluation of the pupillary reaction time in ocular examinations. The pupillary reaction time is thought to be used to help evaluate the autonomic nervous system and check for possible nervous system injuries. 3 Ocular examinations were originally imaged with A-mode, but B-mode, M-mode, color, and spectral Doppler have been found to be highly specific and sensitive. 3 In the same study, sonographers were not the scanners of choice; emergency department physicians and residents were chosen for the task. Sonographers, however, may need to ready themselves because emergency room scanning seems to be a growing area within the profession.
NASA's original purpose for the mock trial sonograms was to successfully guide the operating astronaut to produce diagnostic images from a remote location. Each mock trial achieved remote guidance by a radiologist and, in some cases, even went beyond what was expected of the operating astronaut's diagnostic capabilities. One limitation was noted of the mock trials: only normal anatomy was scanned. Yes, the operating astronaut was able to identify and image normal anatomy, but could pathology be identified? To train the sonographic eye, it is best to see normal anatomy when beginning as a sonography student, but astronauts do not have this luxury. The astronauts are introduced to the very basics of sonography and then are guided by radiologists to fill the inadequacies of their scanning abilities. Under a stressful, traumatic situation, would the operating astronaut be able to remain calm and scan adequately so the radiologist could guide him or her? This question has yet to be answered but should be considered thoroughly.
While scanning and being scanned, both the operating astronaut and the participating astronaut were strapped down. In some situations, the participating astronaut may even help scan while the operating astronaut runs the sonography machine. During the mock trial study of the FAST examination aboard the ISS, the operating astronauts reported hand fatigue from the continual pressure needed on the probe. 6 This example emphasizes the need for future research assessing the risk of musculoskeletal injuries in operating astronauts and whether it is related to ergonomics, lack of muscle mass, or space effects. After being strapped down, the operating astronaut and possibly even the participating astronaut may have to contort themselves to produce the diagnostic images needed to send to ground control. Musculoskeletal injuries and fatigue should be further researched within this small sonographic community. Within a microgravity environment, the operating astronauts may have musculoskeletal fatigue in areas most sonographers do not. This may lead to a better understanding of musculoskeletal injuries on Earth.
Conclusion
Since June 2001, the NASA program has propelled sonography into space. Many examinations have proven to be successful within a microgravity environment, and more are sure to follow. The MMOP and the radiologists at NASA have uncovered many uses for sonography in space and possibly on Earth as well. One such use is evaluating pupillary reaction time for nervous system injuries. Another achievement was proving that peritoneal fluid was identifiable by sonographic evaluation when in microgravity, especially in Morrison's pouch. As more trial sonograms are conducted on the ISS, NASA may push the bounds of sonography and uncover other potential uses. Realizing the expansive skill and knowledge sonographers possess, the MMOP's emphasis was placed on continual remote guidance by a radiologist, and this proved to be successful. NASA's intent to prove that remotely guided sonograms could be diagnostic within a microgravity environment was achieved when looking at normal anatomy. There are many more trial sonograms to be conducted in space, but it is amazing to consider that eventually a sonography machine may reside on Mars.
